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OXYGEN-CONTAINING CERAMIC HARD
MASKS AND ASSOCIATED WET-CLEANS

CROSS REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. Provisional
Patent Application No. 61/738,599 filed Dec. 18, 2012, titled
OXYGEN-CONTAINING CERAMIC HARD MASKS
AND ASSOCIATED WET-CLEANS, incorporated by refer-
ence herein in its entirety and for all purposes.

FIELD OF THE INVENTION

This invention relates to hard mask films for use in semi-
conductor processing. The invention also relates to methods
and apparatus for forming and removing such films.

BACKGROUND OF THE INVENTION

Hard mask films are commonly used as sacrificial layers
during lithographic patterning, e.g., during trench and/or via
formation in a Damascene process. In Damascene process-
ing, a hard mask film is typically deposited onto a layer of
dielectric that needs to be patterned. A layer of photoresist is
deposited over the hard mask film (with an optional antire-
flective layer deposited between the hard mask and the pho-
toresist), and the photoresist is patterned as desired. After the
photoresist is developed, the exposed hard mask film below
the pattern is removed, and the exposed dielectric is etched
such that recessed features of required dimensions are
formed. The remaining hard mask serves to protect those
portions of dielectric that need to be preserved during the
etching process. Therefore, the hard mask material should
have a good etch selectivity relative to the dielectric. Reactive
ion etching (RIE) which uses halogen-based plasma chemis-
try is typically employed for dielectric etching.

The etched recessed features are then filled with a conduc-
tive material, such as copper, forming the conductive paths of
an integrated circuit. Typically, after the recessed features are
filled, the hard mask material is completely removed from the
partially fabricated semiconductor substrate.

Hard mask layers are becoming more common in both
front-end-of-line (FEOL) back-end-of-line (BEOL) pattern-
ing schemes. For example, hard mask films are often used as
an aid in critical patterning applications for BEOL inter-level
dielectric (ILD) materials. These hard mask films should have
a high etch selectivity with respect to the ILD material, be
compatible with basic lithography processes and be capable
of removal without damaging the underlying ILD layer. Cur-
rently, TiN is often used as a hard mask in BEOL low-k
dielectric applications because of its very high etch selectivity
relative to the low-k dielectric that facilitates its eventual
removal. However, there are a number of integration issues
associated with such a metal-based hard masks: (a) polymer
formed to protect the sidewall of low-k ILD during the etch
process reacts with metal-based hard mask to form a metal
polymer residue that causes defect issues; (b) high compres-
sive stress in the TiN coupled with weak mechanical proper-
ties of the low-k dielectric can lead to a buckling phenom-
enon, and (c) the need for a different etch platform for hard
mask compared to underlayers, which can further increase
cost.

SUMMARY

Hard mask films with improved properties and their meth-
ods of fabrication and removal are provided. In lithographic
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applications, hard mask materials with low stress are needed
because materials with highly compressive or tensile stresses
lead to buckling or delamination of the hard mask film on the
substrate, and, consequently, to poor pattern alignment in
lithography. In addition to low stress, hard mask materials
should have high hardness and/or high Young’s modulus in
order to adequately protect the underlying material, since
hardness and modulus typically correlate well with high etch
selectivity.

PECVD based ceramic hard masks tend to be chemically
inert, thereby having very low removal rates through wet-
chemistry or chemical mechanical polishing (CMP). How-
ever, some ceramics, in addition to being very hard, can be
hydrophilic in nature and may be constructed to enable wet-
clean and CMP chemistries. Oxygen-containing ceramic
hard mask materials formed using PECVD deposition and
which are removed by wet-cleans after the pattern transfer
steps are provided. These hard mask materials have low stress
and high selectivity to low-k dielectric materials that enable
advanced patterning, while at the same time being removable
by wet-clean chemistries without the need for CMP, thereby
greatly facilitating the integration of these films.

In one aspect, a method of forming an oxygen-containing
ceramic hard mask film on a semiconductor substrate
involves receiving a semiconductor substrate in a plasma-
enhanced chemical vapor deposition (PECVD) process
chamber and depositing forming by PEVCD on the substrate
an oxygen-containing ceramic hard mask film, the film being
etch selective to low-k dielectric and copper, resistant to
plasma dry-etch and removable by wet-etch. The method may
further involve removing the oxygen-containing ceramic
hard mask film from the substrate with a wet etch. Specific
process parameters are provided.

In another aspect, a partially fabricated semiconductor
device includes a semiconductor device substrate, and an
oxygen-containing ceramic hard mask film disposed on the
substrate, the film being etch selective to low-k dielectric and
copper, resistant to plasma dry-etch and removable by wet-
etch.

In still another aspect, an apparatus for processing a hard
mask film on a semiconductor substrate includes a plasma-
enhanced chemical vapor deposition (PECVD) process
chamber, a support in the process chamber for a semiconduc-
tor wafer substrate for holding the wafer substrate in position
during hard mask deposition, and a controller with program
instructions. The controller program instruction are for a pro-
cess of receiving a semiconductor wafer substrate in a
plasma-enhanced chemical vapor deposition (PECVD) pro-
cess chamber, and forming by PEVCD on the substrate an
oxygen-containing ceramic hard mask film, the film being
etch selective to low-k dielectric and copper, resistant to
plasma dry-etch and removable by wet-etch. The apparatus
can further include a wet etch process chamber, and a con-
troller with program instructions for a process of receiving the
semiconductor wafer substrate with the oxygen-containing
ceramic hard mask film formed thereon, and removing the
oxygen-containing ceramic hard mask film from the substrate
with a wet etch.

Advantageously, oxygen-containing ceramic films can be
easily removed after patterning is completed by wet etch
chemistries, without the need for CMP.

In some embodiments, an oxygen-containing ceramic hard
mask film (such as any of the films described above) is depos-
ited on a layer of low-k dielectric, e.g., a dielectric having a
dielectric constant of less than about 3, such as less than about
2.8, inback-end processing. A layer of photoresist is typically
deposited over the oxygen-containing ceramic hard mask (but
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not necessarily in direct contact with the hard mask, as anti-
reflective layers may be deposited in between). Lithographic
patterning is performed, in which recessed features (a via
and/or a trench) are formed in the dielectric layer. After the
patterning is completed and the features are filled with metal,
the hard mask is removed by a wet etch process. In some
embodiments the etch selectivity of the hard mask film rela-
tive to dielectric is at least about 8:1, referring to dry etch
chemistry used to etch vias and/or trenches, which is typically
an RIE process.

In other embodiments, a hard mask film (such as any of the
films described above) is deposited on a layer of polysilicon
in front-end processing and serves to protect polysilicon dur-
ing various processing steps. In some embodiments, the hard
mask material is not removed and will remain in the manu-
factured device.

These and other features and advantages of the present
invention will be described in more detail below with refer-
ence to the associated drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A-1K show cross-sectional depictions of device
structures created during an illustrative back-end lithographic
process in semiconductor device fabrication, using hard
masks provided herein.

FIGS. 2A-2E show cross-sectional depictions of device
structures created during an illustrative front-end litho-
graphic process in semiconductor device fabrication using
hard masks provided herein.

FIG. 3 is a process flow diagram for a back-end litho-
graphic process suitable for use with hard masks provided
herein.

FIG. 4 is a process flow diagram for a front-end litho-
graphic process suitable for use with hard masks provided
herein.

FIG. 5is a process flow diagram for a method of depositing
an oxygen-containing ceramic hard mask, in accordance with
an embodiment provided herein.

FIG. 6 is a process flow diagram for an exemplary process-
ing method which employs oxygen-containing ceramic hard
mask in accordance with an embodiment provided herein.

FIG. 7 is an experimental plot illustrating the suitability of
oxygen-doped ceramic films as hard masks.

FIG. 8 is a schematic representation ofa PECVD apparatus
capable of using low frequency (LF) and high frequency (HF)
radio frequency plasma sources that can be used for deposit-
ing hard mask films in accordance with some embodiments of
present invention.

FIG. 9 is a schematic representation of a multi-station
PECVD apparatus suitable for forming hard mask films in
accordance with some embodiments of present invention.

FIG. 10 depicts an embodiment of a multi-station cluster
tool in accordance with disclosed embodiments.

DETAILED DESCRIPTION OF SPECIFIC
EMBODIMENTS

Introduction and Overview

Oxygen-containing ceramic hard mask films for back-end
and front-end semiconductor processing applications are pro-
vided. The provided ceramic hard masks include a combina-
tion of oxygen with elements such as boron, phosphorous,
germanium, carbon, silicon, nitrogen and hydrogen. Hard
masks in accordance with the invention are generally hydro-
philic in nature. Boron doped carbide-based hard mask mate-
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rials are one preferred species of the hard masks ofthe present
invention. The tri-valent nature of boron (along with empty
pi-orbital in its typical bonding state), readily facilitates oxi-
dation of its network structure. In particular embodiments,
oxygen-containing ceramic hard mask materials in accor-
dance with the present invention have at least 5% oxygen. In
oxygen containing boron doped carbide-based hard mask
materials, the ratio of B:C generally does not exceed 1:1, and
the concentration (percentage) of oxygen is generally con-
strained by the boron concentration.

The oxygen-containing ceramic hard masks may be wet-
cleaned using etch chemistries that include, for example, an
oxidant and strong acid or strong base compounds, or water,
either in combination with corrosion inhibitors. These wet-
cleans are very selective for the oxygen-containing ceramic
hard masks with respect to low-k materials and copper.

Suitable wet clean chemistries can have a pH ranging from
2 to 13, for example, some suitable etch chemistries have apH
between 6 and 10. These wet-cleans can be done at tempera-
ture from about 20° C. to 100° C.

The oxidant can be a peroxide source, such as hydrogen
peroxide, which can be used in a concentration of about 5 to
50%. The base compounds can be chosen from ammonium
hydroxide, tetramethyl ammonium hydroxide, potassium
hydroxide, sodium hydroxide, hydroxylamines, amines, tet-
raalkylammonium hydroxide, for example. The corrosion
inhibitor can be chosen from families of amino acids includ-
ing glycine or alanine, triazoles, thiol-based-triazoles, and
imidazole, for example.

Therefore, this invention provides oxygen-containing
ceramic hard-mask materials and wet-cleans to facilitate inte-
gration of the ceramic hard mask processing solution in both
logic and memory applications. The chemical composition of
the hard mask (i.e., level of oxygen incorporation) can be
tailored to facilitate selective removal in a specific wet etch
chemistry while preserving the desired film properties of the
hard mask.

The provided films possess high etch selectivity relative to
dielectrics (such as relative to dielectrics having dielectric
constant of 3.0 and less, such as 2.8 and less, or 2.4 and less)
in chemistries that are used for via and/or trench etching.
Sample etch chemistries include an RIE using plasma formed
in a process gas comprising C,F, (e.g., CF,), inert gas (e.g,,
Ar) and an oxidizer (e.g., O,). Other dry etches, such as
plasma etching with a process gas comprising Cl, and N, may
be used. Etch selectivities of at least about 5:1, such as at least
about 8:1 (i.e. hard mask material is etched at least 8 times
slower than the dielectric) can be obtained in some embodi-
ments.

The dielectrics that can be etched in the presence of
exposed hard mask materials provided herein include silicon
oxide, carbon-doped silicon oxide (SiCOH), TEOS (tetra-
ethyl orthosilicate)-deposited oxide, various silicate glasses,
hydrogen silsesquioxane (HSQ), methylsilsesquioxane
(MSQ), as well as porous and/or organic dielectrics, which
include polyimides, polynorbornenes, benzocyclobutene,
etc. The provided hard masks are most advantageously used
for patterning of mechanically weak organic and/or porous
dielectrics having dielectric constant of 2.8 and less, such as
2.4 and less.

Hard mask materials described herein generally can be
deposited using a variety of methods, including CVD-based
methods and PVD-based methods. PECVD is a particularly
preferred deposition method. Suitable PECVD apparatuses
include the SEQUEL® and VECTOR® tools available from
Lam Research Corporation, Fremont, Calif. Low frequency
radio frequency (RF) power refers to RF power having a
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frequency between 100 kHz and 2 MHz. A typical frequency
range for LF plasma source is between about 100 kHz to 500
kHz, e.g., 400 kHz frequency may be used. During deposition
of'the hard mask layers, LF power density typically ranges at
about 0.001-1.3 W/cm?, in particular embodiments, at about
0.1-0.7 W/cm?. HF power typically ranges at about 0.001-1.3
W/cm? and in particular embodiments, at about 0.02-0.28
W/em?®. High frequency power refers to RF power with a
frequency greater than 2 MHz. Typically HF RF frequency
lies in the range of between about 2 MHz-30 MHz. A com-
monly used HF RF values include 13.56 MHz and 27 MHz In
certain embodiments, the deposition of hard masks involves
setting LF/HF power ratio of at least about 1, such as at least
about 1.5, e.g., at least about 2.

During PECVD deposition, the reactant gas or vapor is
provided to the processing chamber typically at a flow rate
typically ranging from about 1000 sccm to about 10000 scem,
and using substrate pedestal temperatures ranging from about
20° C. to about 500° C., preferably from about 200° C. to
about 450° C. In some embodiments, temperatures lower than
about 400° C. (e.g., from about 200° C. to about 400° C.) are
preferable for hard mask deposition. Pressure may range from
about 10 mTorr to about 100 Torr, preferably from about 0.5
Torr to 5 Torr. It is understood that flow rates of precursors can
vary depending on the size of the substrate and chamber size.

The oxygen-containing ceramic hard masks may be wet-
cleaned using etch chemistries that include, for example, an
oxidant and strong acid or strong base compounds, or water,
particularly hot (e.g., greater than 60° C., for example about
100° C.) water, either in combination with corrosion inhibi-
tors, for example amino acids including glycine or alanine,
triazoles, thiol-based-triazoles, and imidazole. These wet-
cleans are very selective for the oxygen-containing ceramic
hard masks with respect to low-k materials and copper.

Use in Back-End Processing

Provided films can be used in a variety of hard mask appli-
cations. An exemplary use of hard mask films in back-end
processing is illustrated by structures shown in FIGS. 1A-1K,
and by the process flow diagram shown in FIG. 3. Referring to
the illustrative process flow of F1G. 3, the process starts in 301
by providing a substrate having an exposed dielectric layer.
The substrate is typically a semiconductor (e.g., silicon)
watfer having one or more layers of material (such as conduc-
tors or dielectrics) residing thereon. The exposed portion of
the substrate contains a layer of dielectric that needs to be
patterned with vias and trenches. The hard masks provided
herein can be generally used in patterning of a variety of
dielectric materials listed in the previous section. It is particu-
larly advantageous to use provided hard mask materials for
patterning ULK dielectrics with dielectric constant of 2.8 and
less, such as 2.4 and less, including mechanically less strong
porous and organic dielectrics. As explained above, provided
hard masks, in many embodiments, possess very low stress,
and can significantly reduce buckling and poor pattern align-
ment, which typically occurs when high-stress hard mask
materials are used in patterning of mechanically weak ULK
dielectrics. It is noted that in some embodiments, a buffer
layer of mechanically stronger material is used between the
fragile ULK dielectric and the hard mask. Thus, in some
embodiments, the provided substrate has an exposed buffer
layer (such as a mechanically stronger dielectric) residing on
a layer of ULK material. For example, a buffer layer com-
prising a dielectric having k of greater than 2.8 can reside on
a mechanically less strong dielectric with a lower dielectric
constant. For example, a buffer layer comprising a material
selected from the group consisting of carbon-doped silicon
oxide (SiCOH), TEOS (tetraethyl orthosilicate)-deposited
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oxide, various silicate glasses, hydrogen silsesquioxane
(HSQ), and methylsilsesquioxane (MSQ), can reside on a
porous and/or organic dielectric, which may include polyim-
ides, polynorbornenes, benzocyclobutene, etc. The ULK
dielectrics and buffer layer dielectrics can be deposited, for
example, by spin-on methods or by PECVD. In some embodi-
ments the dielectric and/or buffer layer are deposited in the
same PECVD module as the hard mask layer deposited
thereon. This provides an additional advantage over titanium
nitride hard masks, which require PVD module for deposi-
tion.

In operation 303 the oxygen-containing ceramic hard mask
material is deposited onto the dielectric layer (or onto the
buffer layer, which typically is also a dielectric) in a PECVD
process chamber. Next, one or more antireflective layers, such
as bottom anti-reflective coating (BARC) are optionally
deposited, followed by deposition of photoresist over the hard
mask in operation 305. It is noted that photoresist is not
necessarily in direct contact with the hard mask material,
since one or more antireflective layers typically reside
between the hard mask and photoresist. Next, in operation
307 vias and/or trenches are etched in the dielectric layer
using the deposited hard mask, and lithographic patterning.
Suitable etches include RIE described in the previous section,
where the dielectric material is etched in the presence of
exposed hard mask having high etch selectivity for the etch.

A variety of lithographic schemes, which may include
deposition and removal of multiple photoresist layers, depo-
sition of filler layers, etc., may be used to form the desired
pattern of recessed features. These lithographic schemes are
known in the art, and will not be described in detail. A
scheme, which defines a trench first and then forms a partial
via is used as an illustration in FIGS. 1A-1K. It is understood,
however, that back-end processing can use a variety of other
schemes. After the vias and/or trenches are formed, the vias
and/or trenches are filled with metal (such as electrodeposited
copper or its alloy) in 309, and the hard mask film is removed
in operation 311, by wet etch. In some embodiments, wet etch
chemistries containing a peroxide (such as acidic slurries
containing hydrogen peroxide, for example a piranha solu-
tion) are preferred for hard mask removal. In other embodi-
ments, the wet etch may be performed with water, particularly
hot (e.g., greater than 60° C., for example about 100° C.)
water. In either case, the wet etch chemistry can also include
a corrosion inhibitor to prevent corrosion of the metal (e.g.,
copper) into contact with which the wet etch chemistry comes
during operation 311. In some cases, water is preferred as the
wet etchant since the corrosion inhibitor is not degraded by
the water to the extent that it can be in the more aggressive
acidic or basics wet etch chemistries.

FIGS. 1A-1K show schematic cross-sectional views of a
partially fabricated semiconductor substrate during back-end
processing, according to one illustrative processing scheme.
FIG. 1A shows a portion of semiconductor substrate (under-
lying silicon layer and active devices are not shown) having a
copper layer 101 embedded in a first layer of dielectric 103
(e.g., a ULK dielectric), where a diffusion barrier layer 105
(e.g., including Ta, Ti, W, TaN_, TiN,, WN_. or combinations
thereof) resides at an interface between the dielectric and
copper. A dielectric diffusion barrier layer (also known as
etch-stop layer) 107, such as silicon nitride or nitrogen-doped
silicon carbide layer resides on top of copper 101 and dielec-
tric 103. A second dielectric layer 109 (e.g., a spin-on or
PECVD-deposited ULK dielectric) resides on top of the
dielectric diffusion barrier layer 107. Because dielectric layer
109 can be mechanically weak, and can be damaged during
hard mask deposition, a mechanically stronger dielectric
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buffer layer 111, e.g., TEOS dielectric or carbon-doped sili-
con oxide (SiCOH) is deposited onto the layer 109. The hard
mask layer 113, which includes a high-hardness material
described herein, is deposited onto the buffer layer 111 by
PECVD. Unlike dielectric diffusion barrier layer 107, the
oxygen-containing ceramic hard mask layer 113 is deposited
on a surface that does not include exposed metal. A layer of
photoresist 115 is deposited over the hard mask 113 by a
spin-on method. Typically one or more antireflective layers
are deposited immediately between the hard mask and the
photoresist. These layers are not shown to preserve clarity.

After the photoresist 115 has been deposited, it is patterned
using standard lithographic techniques, to form an opening
having width t, which will be used to form the future trench.
The resulting structure with patterned photoresist layer 115 is
shown in FIG. 1B. Next, the hard mask layer 113 residing
below the removed photoresist, is opened (etched), forming a
pattern of exposed dielectric 111, as shown in FIG. 1C. The
remaining hard mask will serve to protect the dielectric dur-
ing photoresist removal and subsequent dielectric etch. Next,
photoresist layer 115 is removed from the structure, e.g., by
ashing, and a structure having exposed patterned hard mask
113 is formed. At this stage, patterning to form a via is
initiated. To pattern a via, a filler layer 117, which may com-
prise an easily removable dielectric, such as HSQ or MSQ, is
deposited over the surface of the structure, filling the opening
in the hard mask, as shown in FIG. 1E. Next, a second layer of
photoresist 119 is deposited over the filler layer 117 (with
optional antireflective layers in between), to form the struc-
ture shown in FIG. 1F. The photoresist 119 is then patterned
to form an opening having width V, which will be used in
formation of a via, as shown in structure 1G. Next, the hard
mask below the photoresist pattern is removed, and a via is
partially etched in the dielectric 109, e.g., using RIE. The
photoresist 119, and the filler layer 117 are removed, forming
a structure having a partially etched via and a defined trench,
shown in FIG. 1H. Next, etching of dielectric layers 111 and
109 continues until the via reaches the etch stop layer 107,
which is then subsequently etched through to expose metal
layer 101 at the bottom of the via, as shown in FIG. 11. A layer
of diffusion barrier material 105 is then conformally depos-
ited by PVD to line the substrate within the recessed features
and in the field region. This is followed by filling the recessed
features with metal 121 (e.g., electrodeposited copper or its
alloy) typically with some overburden in the field, providing
a structure shown in FIG. 1J. Next, metal overburden, diffu-
sion barrier material 105, hard mask layer 113, and dielectric
buffer layer 111 are removed from the field region of the
structure forming a partially fabricated device having a metal
interconnect residing in low-k dielectric layer 109, as shown
in FIG. 1K. In other processing schemes, the buffer layer 111,
will not be removed and will remain on the substrate.

As further described below, removal of the oxygen-con-
taining ceramic hard mask in accordance with the present
invention is accomplished by wet etch, without the need for
CMP.

The processing scheme which involves formation of a par-
tial via, as shown in FIGS. 1A-1K illustrates one possible
patterning scheme for low-k dielectric. Hard mask materials
provided herein can be used in a variety of other processing
schemes, including both via-first and trench-first schemes.
Use in Front-End Processing

Another illustrative use of provided oxygen-containing
ceramic hard masks is protection of polysilicon during front-
end processing. Polysilicon is widely used during formation
of active devices (e.g., transistors) on semiconductor wafers.
In some embodiments, provided oxygen-containing ceramic
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hard mask materials are deposited onto polysilicon, and are
used to protect polysilicon during various processing opera-
tions used in active device fabrication. Notably, in front-end
processing in many embodiments, the provided hard mask
layers are not sacrificial and remain in the final device resid-
ing in contact with polysilicon.

An illustrative front-end processing scheme is shown in the
process flow diagram of FIG. 4, and is further illustrated by
schematic cross-sectional views of partially fabricated struc-
tures shown in FIGS. 2A-2E. Referring to FIG. 4, the process
starts in 401, which provides a substrate having an exposed
layer of polysilicon residing over layer of an oxide (e.g.,
silicon oxide, hafnium oxide, etc.). In other embodiments, the
polysilicon may reside over different active layers. The oxide
typically resides on a layer of single-crystal silicon. In order
to pattern oxide and polysilicon layers, two hard mask layers
are deposited over the polysilicon layer. The first hard mask is
deposited directly onto the layer of polysilicon and is an
oxygen-containing ceramic hard mask as described herein, as
shown in operation 403. The hard mask is deposited by a
CVD technique, more preferably by PECVD, as further
described herein. Next, an ashable hard mask (e.g., a hard
mask consisting essentially of carbon (with hydrogen option-
ally present)) is deposited over the first hard mask in opera-
tion 405. The ashable hard mask may also be deposited by a
CVD technique, such as by PECVD deposition using a hydro-
carbon precursor. Next, a layer of photoresist is deposited
over the ashable hard mask and the photoresist is patterned as
desired, as shown in operation 407. One or more antireflective
layers may be optionally deposited between the ashable hard
mask and the photoresist, which are not shown to preserve
clarity. An illustrative structure having an unpatterned photo-
resist is illustrated in FIG. 2A, where layer 201 is a layer of
single-crystal silicon. The layer 203, residing on the silicon
layer 201 is a layer of oxide. The layer 205 on top of oxide
layer 203 is a layer of polysilicon. A hard mask material
described herein, 207, resides directly on top of polysilicon
205, and an ashable hard mask (e.g., a carbon hard mask) 209
resides over the first hard mask layer 207. A layer of photo-
resist 211 resides over the ashable hard mask 209 (optional
antireflective layers in between are not shown). The structure,
obtained after photoresist patterning is shown in FIG. 2B,
which illustrates that photoresist is removed at two locations,
leaving a portion in-between.

Referring again to FIG. 4, the process follows in operation
409, by etching a desired pattern in polysilicon and oxide
layers using the ashable hard mask for patterning. This is
illustrated by structures 2C-2E. In structure 2C, the ashable
hard mask layer 209 is opened (etched) at the portions
exposed after photoresist patterning. Next, the photoresist
211 is removed completely, and first hard mask layer 207, the
polysilicon layer 205 and the oxide layer 203 are etched at the
portions that are not protected by the ashable hard mask layer
209, providing a structure shown in FIG. 2D.

Referring again to FIG. 4, in operation 411, the ashable
hard mask is removed, e.g., by oxygen plasma treatment,
while leaving the first oxygen-containing ceramic hard mask
layer on the polysilicon layer. The resulting structure is shown
in FIG. 2E. The hard mask layer 207, can be retained during
subsequent front-end processing and can serve to protect
polysilicon during a variety of subsequent operations, such as
during implantation of dopants into the crystalline silicon. It
is noted that the hard mask material in the described process
sequence does not perform actual masking (which is accom-
plished by ashable hard mask 209) but is used mainly for
protection of polysilicon. Depending on the integration
scheme, the hard mask 207 may be used for masking in
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subsequent front-end operations, such as during dry or wet
etching in cleaning, or during etching of an oxide performed
to define a gate. The hard mask material may be eventually
removed from the final device, or may remain in the device,
depending on the integration scheme that is used.

The back-end and front-end applications illustrated above
are provided as exemplary sequences, and it is understood
that provided materials can be used in a variety of other
processes where high-hardness materials are desired for pro-
tection of underlying layers.

Deposition and removal of suitable oxygen-containing
ceramic hard mask materials will now be described in detail.

Oxygen-Containing Ceramic Hard Mask Film Deposition
and Removal

In various embodiments, an oxygen-containing ceramic
hard mask film is provided by deposition using PECVD appa-
ratus. A suitable deposition process involves three reactive
gases: C,H,, CO,, and B,H, and a carrier gas, He. The C,H,
and B,H, form a boron carbide film. In an exemplary process,
total reactant flow can be on the order of 10000 sccm, most of
which is He. For a base, unoxidized film, the percentage of
precursors relative to total flow can be: He/C,H,/CO,/
B,H=86.5/10.8/0.0/2.7. Such a film has a composition based
on RBS measurements of C/H/B=47.7/32.7/19.6 with a den-
sity of 1.21 atoms/cm>. That base film can be modified to
form oxygen-containing ceramic hard mask films in accor-
dance with the present invention. In particular embodiments,
oxygen-containing ceramic hard mask materials in accor-
dance with the present invention have at least 5% oxygen. In
oxygen containing boron doped carbide-based hard mask
materials, the ratio of B:C generally does not exceed 1:1, and
the concentration (percentage) of oxygen is generally con-
strained by the boron concentration.

Oxidation is provided by adding an oxidant, CO, for
example, to the process gas flow. For example, a suitable
process gas can include the following percentages of precur-
sors relative to total process gas flow: about He 80-83%/C,H,
10-11%/CO, 5-8%/B,H 2-3%; for example, about He 82%/
C,H, 10.5%/CO, 5%/B,H, 2.5%; or for example He 80%/
C,H, 10%/CO, 7.5%/B,H 2.5%.

The oxygen-containing ceramic hard masks may be wet-
cleaned using etch chemistries that include, for example, an
oxidant and strong acid or strong base compounds, or water,
particularly hot (e.g., greater than 60° C., for example about
100° C.) water, either in combination with corrosion inhibi-
tors. In some embodiments, wet etch chemistries containing a
peroxide (such as acidic slurries containing hydrogen perox-
ide, for example a piranha solution) are preferred for hard
mask removal. In other embodiments, the wet etch may be
performed with water, particularly hot (e.g., greater than 60°
C., for example about 100° C.) water. In either case, the wet
etch chemistry can also include a corrosion inhibitor to pre-
vent corrosion of the metal (e.g., copper) into contact with
which the wet etch chemistry comes during operation 311. In
some cases, water is preferred as the wet etchant since the
corrosion inhibitor is not degraded by the water to the extent
that it can be in the more aggressive acidic or basics wet etch
chemistries. These wet-cleans are very selective for the oxy-
gen-containing ceramic hard masks with respect to low-k
materials and copper.

As shown in the table below, as the amount of CO, added to
the process is increased, increasing the concentration of oxy-
gen in the resulting firm, there is a radical change in the
manner in which the material etches in wet chemistry.
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% of Precursor of Total Wet
Flow Wet Etch Etch
He C,H, CO, B,Hg Wet Etch Chemistry Temperature  Rate
) () (%) (%) — cC) (A/min)
82.1 103 51 2.6 1:196% 65 476.7
H2804:30% H202
82.1 103 51 2.6 water 60 1.8
82.1 103 51 2.6 water 100 4.1
80.0 100 7.5 2.5 1:196% 65 205.0
H2804:30% H202
80.0 100 7.5 2.5 water 60 0.0
80.0 100 7.5 2.5 water 100 153

While the invention is not limited by any particular theory
of operation, it is believed that the mechanism may be the
following:

(1) CO, is a weak oxidizer decomposing in a plasma
according to the endothermic reaction of the general
form: CO,—=CO+%20,.

(2) During the deposition process, the resulting oxygen
radicals can attack carbon, boron, or hydrogen sites on
the film surface.

(3) Oxidation of carbon sites is likely to produce CO which
is a very stable gas in most commercial plasma systems;
hence, some carbon in the deposited film will be etched
away.

(4) Oxidation of boron sites is likely to produce B—OH
groups as found in Boric acid H;BO; or B(OH);, which
is a solid and will remain in the film.

(5) Oxidation of hydrogen sites will produce unstable
hydroxyl or H,O which may be ionized and further
oxidize other carbon or boron sites.

In summary, the CO, likely removes a portion of the carbon
and hydrogen while at the same time oxidizing the boron. For
a given process, adding more CO, will generally imply that
more oxidation will occur until saturation is reached. Assum-
ing the process is well below saturation, it is believed that the
7.5% (medium O doping) process should have more B—OH
than the 5% (low O-doping) process. The observation that the
film becomes increasingly water soluble at high temperatures
supports this conclusion noting that boric acid exhibits simi-
lar behavior. The decrease in etch rate in the sulfuric acid/
hydrogen peroxide solution similarly implies that more of the
boron sites are oxidized and thus exposure to strong oxidizers
have a limited effect.

An exemplary process flow diagram for formation of an
oxygen-containing ceramic hard mask film is shown in FIG.
5. In operation 501, a semiconductor substrate (e.g., a sub-
strate having an exposed dielectric layer or an exposed poly-
silicon layer) is provided into a PECVD process chamber.
The PECVD process chamber contains inlets for introduction
of'precursors, and a plasma generator. In some embodiments,
a dual-frequency RF plasma generator which has HF and LF
generator components can be used.

An oxygen containing hard mask film is formed on the
substrate, wherein the deposition includes 503 flowing a pro-
cess gas into the chamber and forming a plasma. Suitable
process gas flows include flowing a process gas comprising
precursors for the elements in the resulting oxygen-contain-
ing ceramic hard mask film that is etch selective to low-k
dielectric and copper, resistant to plasma dry-etch and remov-
able by wet-etch is deposited on the exposed dielectric, and a
carrier gas. For example, the process gas may contain a hydro-
carbon-containing precursor, an oxygen-containing precur-
sor, a boron-containing precursor, in addition to a carrier gas,
such as C,H,/CO,/B,H,/He. A plasma is formed 505 to
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deposit the oxygen-containing ceramic hard mask film on the
substrate. In one example, dual frequency plasma, where HF
RF frequency is about 13.56 MHz and LF RF frequency is
400 kHz is used. The HF power density in this example is
about 0.04-0.2 W/cm?, and LF power density is about 0.17-
0.6 W/em?,

Referring to FIG. 6, an exemplary process flow for using an
oxygen-containing ceramic hard mask in back-end process-
ing is depicted. The process starts in 601 by providing a
semiconductor substrate comprising an exposed dielectric
layer in a PECVD process chamber. The dielectric layer may
be, for example, an ultra-low k dielectric layer (e.g., with k
less than about 2.8, such as less than about 2.4) or a buffer
dielectric layer with higher dielectric constant.

In operation 603, an oxygen-containing ceramic hard mask
film that is etch selective to low-k dielectric and copper,
resistant to plasma dry-etch and removable by wet-etch is
deposited on the exposed dielectric. The deposition is per-
formed by flowing a process gas comprising appropriate pre-
cursors into the process chamber and forming a plasma. In
some embodiments, particularly good film parameters are
obtained when power density for LF plasma is greater than
power density for HF plasma, e.g., at LF/HF power ratios of
at least about 1.5, such as at least about 2.

After the film has been deposited, the dielectric is patterned
in 605, to form trenches and/or vias, e.g., as was described
with reference to FIGS. 1A-1K. Oxygen-containing ceramic
hard mask films can serve as hard masks during dry etch of
dielectric with RIE. After the vias and/or trenches have been
formed in the dielectric, they are filled with metal in operation
607. Then the oxygen-containing ceramic hard mask is
removed in 609 by wet etch, without CMP.

Apparatus

The hard mask materials described herein generally can be
deposited in different types of apparatus, including CVD and
PVD apparatuses. In a preferred embodiment, the apparatus
is a PECVD apparatus which may include HFRF and LFRF
power source. Examples of suitable apparatuses include
SEQUEL® and VECTOR® tools commercially available
from Lam Research Corporation, Fremont, Calif.

Generally, the apparatus will include one or more cham-
bers or “reactors” (sometimes including multiple stations)
that house one or more wafers and are suitable for wafer
processing. Each chamber may house one or more wafers for
processing. The one or more chambers maintain the wafer in
a defined position or positions (with or without motion within
that position, e.g. rotation, vibration, or other agitation). In
some embodiments, a wafer undergoing hard mask layer
deposition is transferred from one station to another within
the reactor during the process. While in process, each wafer is
held in place by a pedestal, wafer chuck and/or other wafer
holding apparatus. For operations in which the wafer is to be
heated, the apparatus may include a heater such a heating
plate

FIG. 8 provides a simple block diagram depicting various
reactor components ofa suitable PECVD reactor arranged for
implementing the present invention. As shown, a reactor 800
includes a process chamber 824, which encloses other com-
ponents of the reactor and serves to contain the plasma gen-
erated by a capacitor type system including a showerhead 814
working in conjunction with a grounded heater block 820. A
high-frequency RF generator 804 and a low-frequency RF
generator 802 are connected to a matching network 806 that,
in turn is connected to showerhead 814.

Within the reactor, a wafer pedestal 818 supports a sub-
strate 816. The pedestal typically includes a chuck, a fork, or
lift pins to hold and transfer the substrate during and between
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the deposition reactions. The chuck may be an electrostatic
chuck, a mechanical chuck or various other types of chuck as
are available for use in the industry and/or research.

The process gases are introduced via inlet 812. Multiple
source gas lines 810 are connected to manifold 808. The gases
may be premixed or not. Appropriate valving and mass flow
control mechanisms are employed to ensure that the correct
gases are delivered during the deposition and plasma treat-
ment phases of the process.

In case the chemical precursor(s) is delivered in the liquid
form, liquid flow control mechanisms are employed. The
liquid is then vaporized and mixed with other process gases
during its transportation in a manifold heated above its vapor-
ization point before reaching the deposition chamber.

Process gases exit chamber 824 via an outlet 822. A
vacuum pump 826 (e.g., a one or two stage mechanical dry
pump and/or a turbomolecular pump) typically draws process
gases out and maintains a suitably low pressure within the
reactor by a close loop controlled flow restriction device, such
as a throttle valve or a pendulum valve.

In some embodiments, a system controller 830 (which may
include one or more physical or logical controllers) controls
some or all of the operations of a deposition chamber. The
system controller 830 may include one or more memory
devices and one or more processors. The processor may
include a central processing unit (CPU) or computer, analog
and/or digital input/output connections, stepper motor con-
troller boards, and other like components. Instructions for
implementing appropriate control operations are executed on
the processor. These instructions may be stored on the
memory devices associated with the controller 830 or they
may be provided over a network. In certain embodiments, the
system controller 830 executes system control software.

The system control software may include instructions for
controlling the timing of application and/or magnitude of any
one or more of the following chamber operational conditions:
the mixture and/or composition of gases, chamber pressure,
chamber temperature, wafer/wafer support temperature, the
bias applied to the wafer, the frequency and power applied to
coils or other plasma generation components, wafer position,
wafer movement speed, and other parameters of a particular
process performed by the tool. System control software may
be configured in any suitable way. For example, various pro-
cess tool component subroutines or control objects may be
written to control operations of the process tool components
necessary to carry out various process tool processes. System
control software may be coded in any suitable compute read-
able programming language.

In some embodiments, system control software includes
input/output control (I0OC) sequencing instructions for con-
trolling the various parameters described above. For example,
each phase of a semiconductor fabrication process may
include one or more instructions for execution by the system
controller 830. The instructions for setting process conditions
fora deposition operation may be included in a corresponding
deposition recipe phase, for example.

Other computer software and/or programs may be
employed in some embodiments. Examples of programs or
sections of programs for this purpose include wafer position-
ing program, a process gas composition control program, a
pressure control program, a heater control program, and an
RF power supply control program.

In some cases, the controller 830 controls gas concentra-
tion, wafer movement, and/or the power supplied to the heater
block 820 and/or wafer pedestal 818. The controller 830 may
control the gas concentration by, for example, opening and
closing relevant valves to produce one or more inlet gas
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stream that provide the necessary reactant(s) at the proper
concentration(s). The wafer movement may be controlled by,
for example, directing a wafer positioning system to move as
desired. The power supplied to the heater block 820 and/or
wafer pedestal 818 may be controlled to provide particular RF
power levels.

The system controller 830 may control these and other
aspects based on sensor output (e.g., when power, potential,
pressure, etc. reach a certain threshold), the timing of an
operation (e.g., opening valves at certain times in a process),
or based on received instructions from the user.

In some embodiments a multi-station apparatus may be
used for depositing a hard mask layer. The multi-station reac-
tor allows one to run different or same processes concurrently
in one chamber environment, thereby increasing the effi-
ciency of wafer processing. An example of such an apparatus
is depicted in FIG. 9. A schematic presentation of top view is
shown. An apparatus chamber 901 comprises four stations
903-909. In general, any number of stations is possible within
the single chamber of a multi-station apparatus. Station 903 is
used for loading and unloading of the substrate wafers. Sta-
tions 903-909 may have the same or different functions and,
in some embodiments, can operate under distinct process
conditions (e.g., under different temperature regimes).

In some embodiments, the entire hard mask layer is depos-
ited in one station of an apparatus. In other embodiments, a
first portion of the hard mask layer is deposited in a first
station, the wafer is then transferred to a second station, where
the second portion of the same hard mask layer is deposited,
and so on, until the wafer returns back to the first station and
exits the apparatus.

In one embodiment, stations 903, 905, 907, and 909 all
serve for deposition of a hard mask layer. An indexing plate
911 is used to lift the substrates off the pedestals and to
accurately position the substrates at the next processing sta-
tion. After the wafer substrate is loaded at station 903, it is
indexed to stations 905, 907, and 909 in succession, wherein
aportion of a hard mask layer is deposited at each station. The
processed wafer is unloaded at station 903, and the module is
charged with a new wafer. During normal operation, a sepa-
rate substrate occupies each station and each time the process
is repeated the substrates are moved to new stations. Thus, an
apparatus having four stations 903, 905, 907, and 909 allows
simultaneous processing of four wafers.

Wet etch of the oxygen-containing ceramic hard masks
may be performed, for example, with a Lam SP Series, Da
Vinci® or DV-Prime® single watfer clean tools or more con-
ventional batch wet benches. The wet etch apparatus may
include a controller, such as described with reference to the
deposition apparatus, including control system software to
control some or all of the operations of a wet etch chamber.
PECVD and wet etch apparatus may be combined in a semi-
conductor process tool to facilitate processing of wafer sub-
strates.

FIG. 10 depicts a semiconductor process cluster architec-
ture with various modules that interface with a vacuum trans-
fer module 1038 (VIM). The arrangement of transfer mod-
ules to “transfer” wafers among multiple storage facilities and
processing modules may be referred to as a “cluster tool
architecture” system. Airlock 130, also known as a loadlock
or transfer module, is shown in VIM 138 with four process-
ing modules 120a-120d, which may be individual optimized
to perform various fabrication processes. By way of example,
processing modules 120a-1204 may be implemented to per-
form substrate etching, deposition, ion implantation, wafer
cleaning, sputtering, and/or other semiconductor processes.
One or more of'the substrate etching processing modules (any
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0t 120a-1204) may be implemented as disclosed herein, i.e.,
for depositing oxygen-containing ceramic hard mask films by
PECVD, and for removing oxygen-containing ceramic hard
mask films by wet etch, and other suitable functions in accor-
dance with the disclosed embodiments. Airlock 130 and pro-
cess module 120 may be referred to as “stations.” Each station
has a facet 136 that interfaces the station to VIM 138. Inside
each facet, sensors 1-18 are used to detect the passing of wafer
126 when moved between respective stations.

Robot 122 transfers wafer 126 between stations. In one
embodiment, robot 122 has one arm, and in another embodi-
ment, robot 122 has two arms, where each arm has an end
effector 124 to pick wafers such as wafer 126 for transport.
Front-end robot 132, in atmospheric transfer module (ATM)
140, is used to transfer wafers 126 from cassette or Front
Opening Unified Pod (FOUP) 134 in Load Port Module
(LPM) 142 to airlock 130. Module center 128 inside process
module 120 is one location for placing wafer 126. Aligner 144
in ATM 140 is used to align wafers.

In an exemplary processing method, a wafer is placed in
one of the FOUPs 134 in the LPM 142. Front-end robot 132
transfers the wafer from the FOUP 134 to an aligner 144,
which allows the wafer 126 to be properly centered before it
is etched or processed. After being aligned, the wafer 126 is
moved by the front-end robot 132 into an airlock 130.
Because airlock modules have the ability to match the envi-
ronment between an ATM and a VIM, the wafer 126 is able
to move between the two pressure environments without
being damaged. From the airlock module 130, the wafer 126
is moved by robot 122 through VTM 138 and into one of the
process modules 120a-1204. In order to achieve this wafer
movement, the robot 122 uses end effectors 124 on each of its
arms. Once the wafer 126 has been processed, it is moved by
robot 122 from the process modules 120a-1204 to an airlock
module 130. From here, the wafer 126 may be moved by the
front-end robot 132 to one of the FOUPs 134 or to the aligner
144.

Like the deposition and wet etch apparatus, the cluster tool
may include a controller, such as described with reference to
the deposition apparatus, including control system software
to control some or all of the operations of the cluster tool and
its component modules.

It should be noted that the computer controlling the wafer
movement can be local to the cluster architecture, or can be
located external to the cluster architecture in the manufactur-
ing floor, or in a remote location and connected to the cluster
architecture via a network.

EXAMPLES

The following Examples demonstrate the suitability of
oxygen-containing films in accordance with the present
invention for semiconductor processing schemes.

Oxygen-doped hard masks were prepared using gas flows
of CO, 0f 0-50% of the total flow of precursor process gases.
The table below presents data for films formed from CO,
flows of 0-7.5%:

Dep Rate RI K Stress
O doping (A/min) @633 nm @633 nm (MPa)
medium 3000 2.4 0.09 -146
(7.5%)
low (5%) 2700 2.2 0.06 -91
none 2400 2.2 0.06 -94
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The table shows the changes in the film properties as oxy-
gen is added to a ceramic hard mask. Adding oxygen
increases the refractive index (RI) and compressive stress of
the films, but the oxygen-doped ceramic films have properties
that are compatible with use as masks.

The suitability of these oxygen-doped ceramic films as
hard masks is further demonstrated by the data presented in
the plot in FIG. 7. The dry etch rates of the hard mask films
presented in the table above were tested in nitride, polycrys-
talline silicon, and TEOS-based etches. It is desirable for the
etch rates in these etches to be as low as possible in order to
increase the selectivity to these films. As shown in the plot,
adding oxygen to the ceramic hard mask films has only a
small effect on the etch rates of the films in the nitride,
polycrystalline silicon, and TEOS-based etches. This trans-
lates into only a small etch selectivity difference for the oxy-
gen-doped films relative to the undoped films when used as a
hard mask. Therefore, the oxygen-containing films are suit-
able for use to pattern many films including silicon nitride,
silicon oxide, and polycrystalline silicon films.

When combined with the property of the oxygen-contain-
ing films that they are removable by wet etching without
CMP, oxygen-containing ceramic hard mask materials
should facilitate integration of a ceramic hard mask process-
ing solution in both logic and memory applications.

CONCLUSION

It is understood that the examples and embodiments
described herein are for illustrative purposes only and that
various modifications or changes in light thereof will be sug-
gested to persons skilled in the art. Although various details
have been omitted for clarity’s sake, various design alterna-
tives may be implemented. Therefore, the present examples
are to be considered as illustrative and not restrictive, and the
invention is not to be limited to the details given herein, but
may be modified within the scope of the appended claims. It
is understood, that in certain embodiments the hard mask film
may not necessarily be actively used for masking in lithogra-
phy, but may simply serve as a hard protective layer for
underlying materials.

What is claimed is:

1. A method of forming a hard mask film on a semiconduc-
tor substrate, the method comprising:

receiving a semiconductor substrate in a plasma-enhanced

chemical vapor deposition (PECVD) process chamber;
and

forming by PEVCD on the substrate an oxygen-containing

ceramic hard mask film, the film being etch selective to
copper, resistant to plasma dry-etch and removable by
wet-etch;

wherein the film formation comprises,

flowing a process gas consisting essentially of He, C,H,,
CO, and B,Hg, and a carrier gas into the process
chamber; and

forming plasma to deposit the oxygen-containing
ceramic hard mask film consisting essentially of the
elements C, H, B and at least 5% O on the substrate.

2. The method of claim 1, wherein the percentage of pre-
cursors relative to total process gas flow is about He 80-83%/
C,H, 10-11%/CO, 5-8%/B,H; 2-3%.

3. The method of claim 2, wherein the percentage of pre-
cursors relative to total process gas flow is about He 82%/
C,H, 10.5%/CO, 5%/B,H4 2.5%.
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4. The method of claim 2, wherein the percentage of pre-
cursors relative to total process gas flow is about He 80%/
C,H, 10%/CO, 7.5%/B,Hg 2.5%.

5. The method of claim 1, wherein the total flow of precur-
sor process gas is about 10000 sccm.

6. The method of claim 1, further comprising removing the
oxygen-containing ceramic hard mask film from the substrate
with a wet etch.

7. The method of claim 6, where in the wet etch chemistry
comprises an oxidant and a strong acid or base compound.

8. The method of claim 7, wherein the wet etch chemistry
further comprises a metal corrosion inhibitor.

9. The method of claim 6, where in the wet etch chemistry
comprises water.

10. The method of claim 9, wherein the wet etch chemistry
further comprises a metal corrosion inhibitor.

11. The method of claim 1, wherein the formed hard mask
layer is deposited over a layer of dielectric having a dielectric
constant of less than about 2.8, and wherein the formed hard
mask film has an etch selectivity of at least about 8:1 versus
the dielectric in a dry plasma etch.

12. The method of claim 1, wherein the formed hard mask
layer is deposited over a layer of polysilicon.

13. The method of claim 1, wherein the wet etch chemistry
comprises 1:1 96% H,S0,:30% H,0,.

14. An apparatus for processing a hard mask film on a
semiconductor substrate, the apparatus comprising:

a plasma-enhanced chemical vapor deposition (PECVD)

process chamber;

a support in the process chamber for a semiconductor wafer
substrate for holding the wafer substrate in position dur-
ing hard mask deposition; and

a controller comprising program instructions for a process
of:
receiving a semiconductor wafer substrate in a plasma-

enhanced chemical vapor deposition (PECVD) pro-

cess chamber; and

forming by PEVCD on the substrate an oxygen-contain-

ing ceramic hard mask film, the film being etch selec-

tive to copper, resistant to plasma dry-etch and remov-

able by wet-etch, and wherein the film formation

comprises,

flowing a process gas consisting essentially of He,
C,H,, CO, and B,H,, and a carrier gas into the
process chamber; and

forming plasma to deposit the oxygen-containing
ceramic hard mask film consisting essentially of
the elements C, H, B and at least 5% O on the
substrate.

15. The apparatus of claim 14, further comprising:

a wet etch process chamber; and

a controller comprising program instructions for a process
of:

receiving the semiconductor wafer substrate with the oxy-
gen-containing ceramic hard mask film formed thereon;
and

removing the oxygen-containing ceramic hard mask film
from the substrate with a wet etch.

16. The apparatus of claim 14, wherein the wet etch chem-

istry comprises 1:1 96% H,SO,: 30% H,O,.
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